Age-associated changes in cardiac structure and function, together with estrogen loss, contribute to the progression of heart failure with preserved ejection fraction in older women. To investigate the effects of aging and estrogen loss on the development of its precursor, asymptomatic left ventricular diastolic dysfunction, echocardiograms were performed in 10 middle-aged (20 months) and 30 old-aged (30 months) female Fischer344×Brown-Norway rats, 4 and 8 weeks after ovariectomy (OVX) and sham procedures (gonads left intact). The cardioprotective potential of administering chronic G1, the selective agonist to the new G-protein-coupled estrogen receptor (GPER), was further evaluated in old rats (Old-OVX+G1) versus age-matched, vehicle-treated OVX and gonadal intact rats. Advanced age and estrogen loss led to decreases in myocardial relaxation and elevations in filling pressure, in part, due to reductions in phosphorylated phospholamban and increases in cardiac collagen deposition. Eight weeks of G-protein-coupled estrogen receptor activation in Old-OVX+G1 rats reversed the adverse effects of age and estrogen loss on myocardial relaxation through increases in sarcoplasmic reticulum Ca 2+ ATPase expression and reductions in interstitial fibrosis. These findings may explain the preponderance of heart failure with preserved ejection fraction in older postmenopausal women and provide a promising, late-life therapeutic target to reverse or halt the progression of left ventricular diastolic dysfunction.
The incidence of heart failure with preserved ejection fraction (HFpEF) among older women is considerable and is forecasted to increase in the United States as the population ages and because women have a longer life expectancy than men (1) . At least 50% of patients with HFpEF are women (2) . The consequences of this emerging epidemic with regard to health care resource utilization and cost is already apparent; women account for more than half of all heart failure (HF) hospitalizations (3) , and patients 75 years of age and older account for more than two-thirds of hospitalized HF patients (4) . Because no effective pharmacotherapies are available to reduce mortality, morbidity, or hospitalizations for HFpEF, expanding our knowledge of the pathophysiology of HFpEF will provide important insights into the management of this disease.
Since asymptomatic left ventricular diastolic dysfunction (LVDD), or Stage B HF, antedates overt HF, small animal models of LVDD can be used to gain a fundamental understanding of the mechanisms that underlie the development of HFpEF (5) . Although rodents do not experience a natural menopause, surgical ovariectomy (OVX) can be used to mimic clinical menopause and to evaluate the role of estrogen in the maintenance of cardiovascular structure and function (6) . In the renin-overexpressing mRen2.Lewis rat, we showed that early estrogen loss following OVX at 5 weeks of age exacerbated the development of hypertension, left ventricular (LV) remodeling, and LVDD, whereas estrogen replacement or activation of the new membrane G-protein-coupled estrogen receptor (GPER) with its agonist G1 attenuated the adverse effects of estrogen deficiency (7, 8) . Although these and other models of female sex-specific diastolic dysfunction support the cardioprotective actions of estrogen and/or GPER activation (9) (10) (11) , the cardiac structural and functional implications of estrogen status in the context of aging are less clear.
Both postmenopausal LVDD and cardiac aging are characterized by increased LV stiffness from hypertrophy and interstitial fibrosis, and impairment in LV relaxation due to abnormal cardiac calcium cycling (12) . Thus, a more clinically relevant animal model for understanding the relationship between cardiac aging and estrogen loss on the progression of diastolic dysfunction might be the middle-aged and old female Fischer344×Brown-Norway (F344BN) rat (13) . When compared to other rodent models, this hybrid model has fewer age-related pathologies (14) , and its cardiovascular phenotype is not confounded by overt hypertension, obesity, or renal dysfunction with aging (15) . However, unlike menopausal women, old F344BN rats have estradiol levels near that of their younger counterparts in diestrus, even past 20 months of age (16, 17) . Thus, OVX procedures are necessary even in senescent F344BN rats in order to determine how estrogen participates in the modulation of cardiac aging and the progression of LVDD late in life.
In this study, we compared the effects of age and estrogen deficiency on cardiac structure and diastolic function in sham-operated and ovariectomized middle-aged (from 17 to 20 months of age) and old (from 26 to 30 months of age) F344BN female rats and determined the cardioprotective potential of late-life GPER activation by its selective agonist G1. We hypothesized that estrogen loss at middle-age would result in premature cardiac aging and that chronic G1 treatment administered late in life would reverse the cardiac phenotype of the old, estrogen-deficient female rat to that of its middleaged, intact counterpart. Although the benefits of GPER activation parallel that of estradiol in various tissues (18, 19) , its agonist G1 lacks significant binding or biologic functions at estrogen receptor (ER)α or ERβ (20, 21) . Moreover, unlike estradiol's effects via the classic ERs, G1/GPER actions are nongenomic and nonnuclear (22) , making it an appealing target for therapeutic interventions against female sex-specific HFpEF.
Methods

Animals
Middle-aged (17 months; n = 10) and old (26 months; n = 30) female F344BN rats were obtained from the National Institute on Aging through Harlan Industries (Indianapolis, IN). Animals were maintained on a 12-hour light/dark cycle with ad libitum access to standard rat chow (Nestle Purina, St. Louis, MO) and tap water, and housed in pairs. Animal care was conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals, and the Institutional Animal Care and Use Committee of Wake Forest School of Medicine approved the protocol. Body weights of all rats were recorded weekly throughout the study. Figure 1 shows the experimental timeline that was used to characterize the effects of age, estrogen status, and late-life GPER activation on cardiac structure and function of female F344BN rats. Following an acclimation period of one month, the "middle-aged" (Mid-age) and the "Old" rats underwent either bilateral oophorectomy (OVX) or sham surgery (gonads left intact), as previously described (23). The surgery was followed by a 1-month washout period. At the age of 28 months, Old-OVX rats were divided equally to receive daily subcutaneous injections of either G1 (Old-OVX+G1, n = 10) (100 µg/kg; Cayman Chemical Company, Ann Arbor, MI) or vehicle (Old-OVX, n = 10; pharmaceutical grade soybean oil; Xcelience Inc., Tampa, FL), whereas gonadal intact rats received vehicle only (Old-intact, n = 10), for 8 weeks. At the age of 19 months, Mid-aged OVX and gonadal intact rats received daily injections of vehicle, for 4 weeks. The dose of G1 used in Old OVX rats was based on our previous studies showing that 50-100 µg/kg/d of G1 preserved diastolic function and cardiac structure without overtly affecting blood pressure in the hypertensive OVX-mRen2.Lewis rat (5) . Systolic blood pressure (SBP) was measured at bimonthly intervals in rats using the tail-cuff method (NIBP-LE5001, Panlab, Barcelona, Spain). At the end of the study, when Mid-aged and Old rats were 20 and 30 months of age, respectively, transthoracic echocardiograms were performed with anesthesia (ketamine/xylazine: 50/4.5 mg/kg, intramuscular) using a Philips 5500 echocardiograph (Philips Medical Systems, Andover, MA) and a 12-MHz-phased array probe, as previously described (24) (25) (26) . Immediately following the sonogram, deeply anesthetized animals were euthanized via exsanguination by cardiac puncture and hearts were rapidly removed, weighed, and dissected into left and right ventricles and atrial tissue sections. Left ventricles were further cut horizontally into thirds and stored in −80°C for RNA and immunoblot hybridization studies, or fixed in 4% paraformaldehyde for 24 hours prior to histopathologic analyses. Tibial length (17-20 months) and Old (26-30 months) female F344BN rats. Rats acclimated to their environment and were trained for tail-cuff blood pressure measures during the month prior to undergoing bilateral oophorectomy (OVX) or sham procedures (indicated by the gray bar). A 1-month washout period followed the surgery (indicated by the stippled bar). At the age of 28 months, Old-OVX rats were subdivided to receive either daily subcutaneous injections of the GPER agonist, G1 (100 μg/kg; Old-OVX+G1) or vehicle (soybean oil; Old-OVX), whereas sham-operated, gonadal intact rats (Old-intact) received vehicle only, for 8 weeks (indicated by hashed bar). At 19 months of age, sham-operated, gonadal intact and OVX middle-aged rats received daily injections of vehicle only, for 4 weeks. At the end of the study, when Midaged and Old rats were at 20 and 30 months, respectively, transthoracic echocardiograms were performed with anesthesia. Body weights were recorded weekly and conscious systolic blood pressure measures were obtained bimonthly throughout the study protocol.
Experimental Protocol
was measured in all animals with a micrometer. The cardiac weight index was expressed as heart weight (mg)/tibial length (mm) (27) . All animals were examined for the presence or absence of ovaries and uteri were dissected and weighed.
Histopathology
Paraformaldehyde-fixed cardiac cross-sections, 2-mm thick, were dehydrated in graded ethanols before being embedded into paraffin blocks. Slices (4 μm) were mounted onto Superfrost Plus (Fisher Scientific, Pittsburgh, PA) slides and stained with picrosirius red to evaluate interstitial collagen deposition within the tissue, as previously described (23, 26) . Images were captured using an Axiovert 200 microscope (Carl Zeiss Microscopy, Thornwood, NY). The ratio of collagen-stained pixels to unstained pixels was quantified using NIH ImageJ software (http://rsbweb.nigh.gov/ij/).
Immunoblot Hybridization
Cardiac microsomes were prepared and protein concentrations were determined as previously reported (24) . Fifty micrograms of homogenate protein was separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis on a 7.5% acrylamide gel and transferred to a polyvinylidene difluoride membrane (Bio-Rad, Hercules, CA). Immunocomplexes were detected with anti-sarcoplasmicendoplasmic reticulum calcium ATPase 2 (SERCA2; 1:1000; Abcam, Cambridge, MA) and anti-phospho-phospholamban Ser16 (p-PLB; 1:5000; Millipore, Temecula, CA). To normalize the variability of protein loading, blots were reprobed with the antibody to glyceraldehyde-3-dehydrogenase (GAPDH; 1:5000 dilution; Cell Signaling, Danvers, MA). The bound antibodies were resolved with a chemiluminescent/enhancer kit (Pierce ECL Western Blotting Substrate; Pierce, Rockford, IL), exposed to Amersham Hyperfilm (Amersham Biosciences, Piscataway, NJ), and analyzed using densitometry. The resulting densitometric measures for both SERCA2 and p-PLB were normalized to their respective GAPDH intensities and expressed in arbitrary units.
Ex vivo Ca 2+ Uptake Assay
To further evaluate the potential impact of G1 versus vehicle on the rate of Ca 2+ uptake into the cardiac sarcoplasmic reticulum (SR), an affiliated study was performed using skinned (sarcolemmal-free) cardiac fascicles rendered from five readily available mature adult, normotensive Wistar females obtained from the breeding colony at the Biomedical Sciences Institute at Federal University of Rio de Janeiro (Rio de Janeiro, Brazil). Detailed methods of the ex vivo Ca 2+ kinetic studies, implemented at the Biomedical Sciences Institute in Brazil, are outlined in Supplementary Methods. Although the Wistar strain is commonly used in aging research, its lifespan is shorter than the F344BN strain (28) . However, given this fact and the recent discovery of ETS2, a specific cardiac transcription factor that links cardiomyocyte loss to reduced longevity, particularly among aging Wistar rats (28), we chose to use cardiac fascicles from 8-month as opposed to 20-month-old Wistars in order to limit any factors that might interfere with G1's influence on Ca 2+ kinetics and to mimic the presumed physiology of an older F344BN rat.
Statistical Analyses
All values are expressed as mean ± SEM. Two-way ANOVA was used to determine the effect of age (Mid-age vs Old) and estrogen status (OVX vs intact). Because G1 treatment applied to only the old rats, its effect was examined in a separate one-way ANOVA (Old-Intact;
Old-OVX; Old-OVX+G1), followed by Tukey's multiple comparisons test. A two-way repeated measures ANOVA was used to determine the effect of loading time and treatment on caffeine-induced contracture of skinned fibers and post hoc comparisons were evaluated using Bonferroni's test of multiple comparisons. Data were analyzed using the software GraphPad Prism Version 6 (GraphPad Software, Inc., La Jolla, CA). A p value < .05 was considered statistically significant.
Results
Animal Characteristics
Before reaching the end of the protocol, 6 of 30 Old rats (Old-intact n = 3; Old-OVX n = 2; Old-OVX+G1 n = 1) died from natural causes or required early euthanasia for being encumbered by an expanding mammary tumor, ataxia, or failure to thrive. The final sample size of the old rats ranged from 7 to 9 per group, whereas the sample size of the middle-aged rats remained at 5 per group. Physical characteristics of the animals and SBP changes in all experimental groups are presented in Table 1 . As expected, body [age effect: F(1,21) = 8.550, p = .008] and postmortem heart weights [age effect: F(1,21) = 8.690, p = 0.008] were significantly higher in Old versus Mid-aged rats, independent of estrogen status (assigned by the presence or absence of ovaries). The heart weight-to-tibial length ratio was significantly higher in Old rats compared with their Mid-aged counterparts [age effect: F(1,21) = 14.00, p = .001], irrespective of estrogen. Among the Old only cohort, heart weight and height weight-to-tibial length ratios were similar between rats, even though body weights were different [F(2,21) = 4.298, p = .0273]; specifically, Old-intact rats were heavier than Old-OVX+G1 rats (p < .05).
Although the nonappearance of ovaries confirms the efficacy of gonadectomy, increases in uterine weight signify an estrogenic response (29) . Accordingly, we used uterine weights in lieu of plasma estradiol levels to determine the effect of age on estrogenicity, since estradiol levels among Old-aged rats fell below the limits of detection, irrespective of their gonadal status. As expected, uterine weights were significantly affected by age [age effect: F(1,21) = 10.93, p = .003] and estrogen status [estrogen effect: F(1,21) = 16.37, p = 0.001], with heavier postmortem uteri rendered from Old and gonadal intact rats compared with the uteri from their Mid-aged and OVX counterparts. Late-life estrogen loss appears to have had a greater influence on uterine regression than midlife estrogen loss [Age × E2 effect: F(1,21) = 4.340, p = .050], which substantiates the estrogenic potential of senescent ovaries, and our reasoning for performing OVX in old rats at the age of 27 months. In the Old only cohort, uterine weights from OVX rats, regardless of G1 treatment, were significantly lower than uteri from age-matched, gonadal intact rats [F(2,21) = 29.52, p < .001; Table 1 ]. Importantly, unlike E2's effects on the classic estrogen receptors, ERα and ERβ, GPER activation by G1 is not known to have specific uterotrophic actions (30) .
Baseline SBPs, prior to surgery, were similar among groups, ranging from 113 mmHg to 126 mmHg (Mid-aged, intact = 115 ± 7 mmHg; Mid-aged, OVX = 126 ± 8; Old, intact = 114 ± 3; Old, OVX = 113 ± 2; and Old, OVX + G1 = 118 ± 6). Over the course of the protocol, there was a significant age-related increase in SBP [age effect: F(1,19) = 9.79, p = .005], whereas E2 loss accounted for SBP increases among Mid-aged rats only [age × E2 effect: F(1,19) = 6.761, p = 0.017]. The delta increase from baseline SBP ranged from 20% to 24% in Old-intact and Old-OVX rats, respectively, whereas SBP changes over the duration of the study were negligible in the Mid-aged cohort. Amid the Old only rats, the percent changes in SBP ranged from 9% to 24% (Table 1) . Even though no differences in this variable occurred among Oldintact, Old-OVX and Old-OVX+G1 rats, it is important to note that G1-treated OVX rats showed the least variation in SBP over the course of the experiment. Indeed, G1's negligible effect on SBP in Old OVX rats, at the dose of 100 μg/kg/d, is consistent with previous findings in hypertensive, OVX-mRen2.Lewis females receiving 2 weeks of low-dose subcutaneous G1 treatment (8) .
Cardiac Structure and Function
The effect of age, estrogen loss, and chronic G1 administration on M-mode measurements of LV dimensions, wall thicknesses, and systolic and diastolic functional parameters are summarized in Table 2 . The LV end-diastolic dimension (LVEDD) exhibited a marked increase in Old compared with Mid-aged rats, independent of estrogen [age effect: F(1,21) = 5.581; p = 0.028]. No differences in the LV end-systolic dimension were observed with respect to age or estrogen status. Despite an age-related increase in anterior wall thickness at end diastole [age effect: F(1,21) = 9.465; p = .006], posterior wall thickness and relative wall thickness were not influenced by age or estrogen. Corresponding to the gravimetric findings, LV mass was greater in Old versus Mid-aged rats [age effect: F(1,21) = 18.21; p = .0003], irrespective of estrogen status. Percent fractional shortening, or global systolic function, was not significantly affected by age or estrogen status. In the Old only cohort, overall differences in LV end-systolic dimension, anterior wall thickness, and percent fractional shortening were observed; specifically, Old OVX rats exhibited smaller LV end-systolic dimension, thicker anterior walls, and modestly higher percent fractional shortening compared with their G1-treated OVX counterparts. All the same, LVEDD and relative wall thickness among the Old animals were not affected by G1 or gonadal status.
Transmitral-pulsed wave and myocardial tissue Doppler indices of diastolic and systolic function are shown in Table 2 and Figure 2 . The velocities of early (Emax) and late (Amax) transmitral filling and the ratio of early-to-late filling were not influenced by age, estrogen, or G1 treatment. Even so, aged hearts exhibited a prolongation in early deceleration time (Edec time) compared to their mid-aged counterparts [ specifically, G1 treatment in Old OVX rats led to significant increases in e′ compared with age-matched, OVX counterparts receiving vehicle (p < 0.01; Figure 2) . Similarly, echo-derived filling pressures, or Notes: %Δ baseline = percent change from baseline; E2 = estrogen status, as per the presence or absence of gonads; g = gram; HW = heart weight; INTACT = sham-surgery (gonads left in place); Mid-aged = middle-aged; mm = millimeter; OVX = ovariectomy; SBP = systolic blood pressure; TL = tibial length. Physical characteristics were performed on Mid-aged, intact (N = 5) and Mid-aged, OVX (N = 5) rats at 20 months of age, following 4 weeks of subcutaneous daily injections of vehicle (soybean oil). Physical characteristics of Old-aged, intact (Old-intact, N = 7), Old-aged, OVX (Old-OVX, N = 8), and Old-aged, OVX+G1 (Old-OVX+G1, N = 9) rats were performed at 30 months of age, following 8 weeks of subcutaneous daily injections of G1 (100 μg/kg) or vehicle (soybean oil). Using a two-way analysis of variance (ANOVA), significant differences in the physical characteristics, with respect to age, estrogen status (intact vs OVX), and age × estrogen status, were determined. p-values are presented on the right side of the table. Among the Old-only rats (Old-intact, Old-OVX, Old-OVX+G1), a separate one-way ANOVA followed by Tukey's multiple comparisons test was used to determine the influence of gonadal status, G1, or vehicle on the physical characteristics. For convenience, significant differences are indicated in bold. *p < .05, Old-OVX+G1 versus Old-intact. †p < .001, Old-OVX, Old-OVX+G1 versus Old-intact. Notes: %FS = percent fractional shortening; Amax = maximum late transmitral filling velocity; AWT = anterior wall thickness end diastole; cm = centimeter; cm/s = centimeter/second; E2 = estrogen status, as per the presence or absence of gonads; E/A = early-to-late transmitral filling velocity ratio; E dec time = early-filling deceleration time; Emax = maximum early transmitral filling velocity; g = gram; INTACT = sham-surgery (gonads left in place); LV = left ventricle; LVEDD = left ventricular end-diastolic dimension; LVESD = left ventricular end-systolic dimension; LV mass = left ventricular mass; Mid-aged = middle-aged; min = minute; OVX = ovariectomy; PWT = posterior wall thickness, end diastole; RWT = relative wall thickness; s′ = systolic wall motion; sec = second. Echocardiograms for cardiac characteristics were performed on Mid-aged, intact (N = 5) and Mid-aged, OVX (N = 5) rats at 20 months of age, following 4 weeks of subcutaneous daily injections of vehicle (soybean oil). Echocardiograms on Old-aged, intact (Old-intact, N = 7), Old-aged, OVX (Old-OVX, N = 8), and Old-aged, OVX+G1 (Old-OVX+G1, N = 9) rats were performed at 30 months of age, following 8 weeks of subcutaneous daily injections of G1 (100 μg/kg) or vehicle (soybean oil). Using a two-way ANOVA, significant differences in the cardiac characteristics, with respect to age, estrogen status (intact vs OVX), and age x estrogen status, were determined. p Values are presented on the right side of the table. Among the Old-only rats (Old-intact, Old-OVX, Old-OVX+G1), a separate one-way ANOVA followed by Tukey's multiple comparisons test was used to determine the influence of gonadal status, G1, or vehicle on the cardiac characteristics. For convenience, significant differences are indicated in bold.
* 
Cardiac Fibrosis
Quantitative histological analysis of interstitial collagen deposition in the LVs of Mid-aged and Old, intact and OVX, plus Old-OVX+G1 rats are presented in Figure 3A , with representative images shown in Figure 3B . Figure 4A ). As expected, cardiac expression of the protein that "turns on" SERCA2, phosphorylated-PLB (p-PLB), was lower in Old-versus Mid-aged rats [age effect: F(1,17) = 6.024, p = .025; Figure 4B ] and p-PLB expression was also reduced with the loss of estrogen Old rats had reduced ventricular lusitropy (e′) and higher filling pressures (E/e′) compared with Mid-aged rats and estrogen loss also adversely affected these diastolic indices (2-way ANOVA). Among the Old only, e′ was higher in OVX+G1 rats compared with vehicle-treated, age-matched OVX rats (1-way ANOVA). ###p < .001; ##p < .01 (age effect); **p < 0.01 (estrogen effect or "intact versus OVX"); ΘΘp < .01, Old-OVX+G1 versus Old-OVX. ANOVA = analysis of variance; SEM = standard error of the mean.
[estrogen status: F(1,17) = 6.927, p = .018]. Among Old rats, neither gonadal status nor treatment with G1 influenced p-PLB expression. Although we cannot exclude the possibility that small age-related changes in the housekeeping protein, GAPDH, could interfere with SERCA2 and p-PLB interpretations (32) , the quantity of GAPDH protein expressed in our cardiac samples was not statistically different across age groups (data not shown). Moreover, GAPDH is commonly used as the loading control in cardiac aging studies (33, 34) .
Ca 2+ Loading From SR
Using the amplitude of the isometric tension (% Po) of the skinned, sarcolemma-free ventricular fascicles as a measure of Ca 2+ uptake into the SR, the contractile response to caffeine exposure (20 mmol 
Discussion
Since LVDD precedes the development of HFpEF and is also a common feature of mammalian aging (35) , reverse translational female rodent models of healthy aging, in the presence and absence of ovarian estrogens, aid our understanding of the onset of HFpEF in the context of both intrinsic aging and female sex. Moreover, healthy or normal aging models can be used to provide insight into potential interventions that might halt or reverse the age-specific progression of this common geriatric syndrome. Herein, we show that estrogen loss at midlife in the "healthy" aging F344BN female rat led to reductions in myocardial relaxation (e′) and increases in filling pressure (E/e′), mirroring that of its old-aged counterpart. This "accelerated" cardiac aging associated with a reduction in p-PLB, the form of phospholamban that facilitates the action of SERCA2, and a modest increase in interstitial collagen deposition. Second, late-life G1 treatment in Old OVX rats reversed some of these unfavorable effects of age and estrogen loss that contributed to LVDD in this model, likely by improving intracellular Ca 2+ handling and lessening the extent of cardiac interstitial collagen deposition.
Similar to healthy aging community dwellers (36,37), distinct age-related changes in cardiac structure and function were observed between middle-aged and old F344BN female rats. LV mass increased with aging in adult rats, which has also been seen in normotensive and hypertensive patients (38) . Although relative wall thickness was not different between mid-age and old rats, modest increases in SBP in the old age group that were observed over the course of the study might have partially contributed to the differences in heart weight. Indeed, increases in blood pressure within the normal range have been related to increases in LV mass in the clinical setting (39) . However, given that modest elevations in SBP among estrogen-deficient, mid-aged rats did not translate to differences in LV mass compared with gonadal intact, mid-aged rats suggests that estrogen status may have a less profound effect than aging on LV remodeling in this rat strain.
Slowing of myocardial relaxation and decreased LV chamber compliance are two functional hallmarks of sedentary aging (40, 41) . Quantification of cardiac SERCA2 expression normalized to respective GAPDH expression. Data indicate differences in SERCA2 with respect to age and estrogen status (intact versus OVX). The effect of G1 treatment among Old only rats is also presented. Neither advanced age nor gonadal status had substantial affects on the expression of this calcium regulatory protein (2-way ANOVA). Among the Old only cohort, 8 weeks of G1 treatment in OVX rats significantly increased SERCA2 expression compared with OVX counterparts receiving vehicle (1-way ANOVA). (B) Quantification of cardiac p-PLB expression normalized to respective GAPDH expression. Data indicate differences in p-PLB with respect to age and estrogen status (intact versus OVX). The effect of G1 treatment among Old-only rats is also presented. Both advanced age and estrogen loss associated with significant reductions in cardiac p-PLB expression. Among the Old-only group, the levels of p-PLB expression were not different. For graphic depictions of both SERCA2 and p-PLB data, values are reported as means ± SEM; Mid-aged rats, N = 5 per group. Old rats, N = 7-9 per group. Black bars represent gonadal intact rats; open bars represent OVX rats; and stippled bars represent Old-OVX+G1 rats. #p < .05 (age effect); *p < .05 (estrogen effect or "intact versus OVX"); Θp < .05 Old-OVX+G1 versus Old-OVX. (C) Representative immunoblots of SERCA2, p-PLB and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) in heart tissues from each age and estrogen status group, as well as from G1-treated Old-OVX rats. ANOVA = analysis of variance; SEM = standard error of the mean. These characteristics were manifested by lower early diastolic tissue Doppler velocities (e′), prolonged early deceleration times, and increased Doppler-derived filling pressures (E/e′) in old F344BN rats compared with their mid-aged counterparts. Similar to aging humans (42) , diastolic dysfunction in old female F344BNs was independent of overt differences in global systolic function compared with midaged rats. Although the modest reduction in systolic mitral annular displacement (s′) found in the old versus mid-aged rats cannot be ignored, there is general agreement in the clinical literature that abnormalities in regional systolic function, defined by an abnormal extent and velocity of longitudinal shortening, is not responsible for the clinical syndrome of diastolic HF or HFpEF (43, 44) . The changes in tissue Doppler variables observed in this study highlight an important aspect of the senescent mammalian heart, namely the loss of vigorous diastolic suction (45) . Both in preclinical and clinical settings, decreased suction could impair filling of a stiff noncompliant heart during conditions of physical stress such as rapid heart rate changes during exercise. In rats, this effect manifests as reduced exercise tolerance on the treadmill (46) , whereas in patients, symptoms of fatigue and shortness of breath, in addition to exercise intolerance, are often revealed (47) .
The passive elastic properties of the ventricle are important determinants of diastolic function. Abnormal passive elastic properties are caused mainly by an increased myocardial mass and alterations in extra myocardial collagen deposition (48) . As reported previously in male F344BNs (31, 49) , interstitial collagen was increased in the hearts from old females compared with their mid-aged counterparts, independent of estrogen status. Aging has noticeable effects on the balance between myocyte volume and the extracellular matrix. The aged rat heart has substantially fewer myocytes than the younger heart, and this is accompanied by prominent increases in the volume fraction of collagen (50, 51) . Also, in healthy human hearts, focal areas of interstitial fibrosis, mainly in the subendocardium of the LV, have been shown to increase with age, presumably due to the loss of myocyte volume, also termed "replacement fibrosis" (52) .
Of the variety of well-described changes that occur within the aging cardiac myocyte (53) , changes in Ca 2+ handling are central to understanding the mechanical processes that underlie relaxation. Early diastole is extremely dependent on reuptake of Ca 2+ from the cytosol back into the SR. This is an energy-dependent process requiring the activity of SERCA2. Regulation of SERCA2 is modulated by the inhibitory protein PLB. Phosphorylation of PLB removes its inhibition on SERCA2 activity and increases SR Ca 2+ uptake (54) . Phosphorylation of PLB via protein kinase A is known to accelerate relaxation of ventricular myocytes (54) . Normal aging results in various changes in this calcium regulatory system in the heart, including reduced activity of SERCA2, reduced protein levels of SERCA2, decreased SERCA2-to-PLB ratio, and reduced phosphorylation of PLB or the SERCA2-PLB complex (55) (56) (57) (58) . In the hearts of F344BN females, we did not observe significant age-or estrogen-related differences in the immunoreactive SR Ca 2+ -ATPase content using SERCA2-specific antibodies. However, the reduced cardiac expression of phosphorylated PLB in old and estrogen-deficient rats likely contributed to the slowing of early myocardial relaxation, indirectly by inhibiting SERCA2 (59) .
In addition to comparing the effects of age and estrogen status on cardiac structure and function in a healthy aging rodent model, we determined that activation of the new membrane estrogen receptor GPER with its specific agonist G1 could reverse the senescent cardiac phenotype of the F344BN female to that of its mid-aged, gonadal intact counterpart. GPER is a recently discovered membrane-bound receptor whose localization and signaling differs from the classical estrogen receptors ERα and ERβ (60, 61) . GPER does not mediate estrogen's classical actions on body weight or uterotrophy, a receptor profile that makes GPER a good candidate for selectively eliciting estrogen's cardiovascular benefits. Moreover, its agonist G1 does not interact with nuclear estrogen receptors, nor has it been shown to increase estradiol or progesterone levels (30) . Specifically, in our study, 8 weeks of low-dose G1 treatment improved regional wall motion elongation (e′) and shortening (s′) in part through improvements in cardiac Ca 2+ dynamics. However, in contrast to the benefits of a younger age and intact gonads on disinhibiting SERCA2, presumably via phosphorylated PLB, the beneficial actions of GPER on cardiac Ca 2+ regulation and lusitropic and contractile function appear to be related to increases in SERCA2 protein expression. In a female OVX-rat model of isoproterenol-induced HF, chronic G1 treatment improved contractility at the whole heart and single myocyte levels by increasing the expression of β2-adrenergic receptors and normalizing the expression of β1-adrenergic receptors, which in turn enhanced cardiac Ca 2+ dynamics in a protective manner (62) . Specifically, if G1 increases cAMP, protein kinase A activity, or other components of this pathway, then Ca 2+ release and contraction size could increase, as well as the rate of Ca 2+ transient decay. Further investigation of these pathways in cardiomyocytes from mice with GPER intact and GPER knockout cardiomyocytes are underway.
To further determine whether differences in SR Ca 2+ uptake by G1 could account for improvements in myocardial relaxation, SR Ca 2+ loading was performed in the absence (vehicle) and in the presence of G1 (10 and 30 μM) in sarcolemmal-free ventricular fibers from 8-month old female Wistar rats. SR Ca 2+ content evaluated by caffeine-induced tension after different loading conditions showed that compared with vehicle, treatment with G1 increased Ca 2+ accumulation in a concentration and loading-time manner. Although increased diastolic Ca 2+ levels have been observed in cardiomyocytes isolated from OVX animals compared with sham controls (63, 64) , it is not known whether this effect is due to impairments in Ca 2+ extrusion mechanisms or re-sequestration. Our observations suggest that chronic GPER activation may increase cardiac calcium mobilization by augmenting SERCA activity or the number of calcium pump sites (65) , which, in turn, could improve relaxation in aging female hearts exposed to low levels of endogenous estrogens. Indeed, further studies focusing on GPER modulation of Ca 2+ handling and signaling pathways that regulate SR Ca 2+ uptake and release in the healthy aging F344BN strain are warranted in order to fully understand the contribution of these pathways to age-related LVDD.
Another role for GPER activation in the reversal of age-related diastolic dysfunction might be related to its effects on interstitial fibrosis. Although there appeared to be no effect of estrogen status on age-related collagen deposition in old F344BN rats, chronic G1 treatment in OVX rats reduced fibrosis compared with vehicle treatment. A similar benefit of GPER activation was observed after 2 weeks of G1 treatment in the estrogen-deficient, hypertensive mRen2.Lewis rat (8) . As GPER is expressed in cardio fibroblasts, activation of this membrane estrogen receptor might favorably affect extracellular remodeling by limiting cardio fibroblast proliferation via suppression of cell cycle proteins (66) . Cyclin family proteins have been implicated in the fibrogenesis that occurs in HF (67) . There is also accumulating evidence that cardiac chymase contributes to fibrosis in hypertensive heart disease and HF through the generation of angiotensin II (Ang II) from angiotensin I or angiotensin-(1-12), (68) (69) (70) . Although cardiac Ang II is a local promoter of cell growth and proliferation and collagen deposition (71, 72) , chymase can independently promote LV remodeling by affecting collagen metabolism via activation of transforming growth factor-β (73), attraction of inflammatory cells (74) , and activation of metalloproteinase-9 (75). Whether GPER activation has a role in mitigating the production of intracellular chymase and/or activation of the local renin-angiotensin system in cardio fibroblasts would be an important area of investigation.
Conclusion
In conclusion, advanced age and estrogen loss led to decreases in myocardial relaxation and elevations in filling pressure in the F344BN strain, in part, due to reductions in phosphorylated phospholamban and increases in cardiac collagen deposition. Eight weeks of GPER activation by G1 in Old-OVX rats reversed the adverse effects of age and E2 loss on myocardial relaxation by enhancing SERCA2 expression and limiting interstitial fibrosis. These findings may explain the preponderance of HFpEF in older women after the menopause and provide a promising, late-life therapeutic target to reverse or halt the progression of LVDD, without the possibility of introducing any of the unfavorable side effects of classic estrogen receptor activation, such as cell proliferation, on aging breast or reproductive tissue (76) .
Clinical Perspective
Impaired HFpEF is seen more often in women, and older women develop HFpEF twice as often as men of the same age (77) . Although hospitalization rates and readmission rates for HF are similar between sexes (78), women with HF tend to have a worse quality of life than men, more physical limitations, longer hospital lengths of stay, and higher rates of depression (78) . Currently, there is a significant gap in our knowledge regarding HFpEF and how to treat it (79) . Taken together with the fact that preclinical LVDD antedates HFpEF, strategies that address the aging continuum and the cumulative impact of long-term exposure to such cardiovascular risk factors as estrogen deficiency, and its association with the pathobiology of aging, should be considered for optimal impact. Our study supports the notion that advanced age and estrogen deficiency are risk factors for diastolic dysfunction in the aged female heart, in part through effects on interstitial fibrosis and SR Ca 2+ handling, and it emphasizes the potential benefit of late-in-life interventions involving GPER activation that could attenuate progression of this disease process.
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